Abstract
Vertically 0.042-m-spaced moored high-resolution temperature sensors are used for detailed internal wave-turbulence monitoring near Texel North Sea and Wadden Sea beaches on calm summer days. In the maximum 2 m deep waters irregular internal waves are observed supported by the density stratification during day-times' warming in early summer, outside the breaking zone of <0.2 m surface wind waves. Internal-wave-induced convective overturning near the surface and shear-driven turbulence near the bottom are observed in addition to near-bottom convective overturning due to heating from below. Small turbulent overturns have durations of 5-20 s, close to the surface wave period and about one-third to one-tenth of the shortest internal wave period. The largest turbulence dissipation rates are estimated to be of the same order of magnitude as found above deep-ocean seamounts, while overturning scales are observed 100 times smaller. The turbulence inertial subrange is observed to link between the internal and surface wave spectral bands.
Day-time solar heating from above stores large amounts of potential energy into the ocean providing a stable density stratification. In principle, stable stratification reduces mechanical vertical turbulent exchange, although seldom down to the level of molecular diffusion. Two contrasting mechanisms are thought to enhance turbulence in a stratified environment. The stratification supports internal waves 'IW' that may deform it by straining and vertical current shear. During night-time cooling, convective overturning may be found near the surface (Brainerd and Gregg, 1993) . Both mechanisms pump heat down and nutrients up. The amounts of turbulence thus generated vary upon the efficiency of the mixing; convection, or 'Rayleigh-Taylor instability RTi', being generally more efficient than shear, or 'KelvinHelmholtz instability KHi', see, e.g., (Yabe et al., 1991; Dalziel, 1993) . Generally in stratified waters, turbulent overturns are well separated from internal waves as the former last shorter and the latter longer than the buoyancy time-scale. The amounts of turbulence thus generated may be contrasted with that by the breaking of surface wind waves 'SW'.
In shallow, less than a few meters deep, sea areas like atolls, estuaries or near beaches, turbulence may also be generated by friction of sheared flow over the bottom (Ekman, 1905; Lamb, 1945) , or by the convective heating from corals and the sediment (Jimenez et al., 2008; de la Fuente, 2014) . It remains to be investigated whether these processes generate IW.
Heating from the atmosphere does not directly force IW, as less dense warm water initially spreads like a pancake over colder water forming a stable stratification. To generate IW this stratification has to be set into motion, either by frictional flow over the surface sucking up colder water (Ozen et al., 2006) , or by (wave) flow over small bottom topography (Bell, 1975) . Near a beach for example, IW are expected to be forced by flow over sand-banks (van Haren et al., 2012) . IW-amplitudes are generally much larger than SW's and their periods O(50-1000 s) are much longer than the 5-10 s of SW, because of the weaker restoring force of reduced gravity.
In the present paper we are interested in quantifying turbulence processes using highresolution instrumentation in shallow waters near beaches under calm atmospheric and daytime-heated stratified sea conditions to question: What are the dominant turbulent mixing processes? What are their dominant scales and appearances? The results may be portable to other near-surface ocean areas to scale up, including atoll lagoons, and to laboratory turbulence studies to scale down. After all, the ocean including the 1-m scales near beaches are still high bulk Reynolds number >10 4 areas.
Materials and methods
During the early summers of 2010 and 2011 instruments for IW-turbulence studies were on stand-by to be taken out the Dutch island of Texel beaches on short notice whenever conditions were right. These conditions implied SW (wind including swell) heights <0. denoting the apparent thermal expansion coefficient under local conditions. Compressibility effects are negligible in the present data. Lacking salinity (S) data in 2010 it is assumed that only temperature contributes to  for the NS-beach observations. This assumption is justified as differential horizontal advection reinforces solar heating stratification, because in summer the fresher WS is warmer than the saltier NS (van Aken, 2008; van Haren, 2010) . Thus, stable density stratification may occur with relatively cold above warm water, but not with relatively salty above fresh water. Hence, the above density-temperature relationship is a conservative one. This is confirmed in 2011, as the CTD gave  = 0.51 kg m -3
With temperature as tracer for density variations turbulence can be quantified using the moored T-sensor data. Vertical turbulent kinetic energy dissipation rate , proportional to turbulent diapycnal flux, and eddy diffusivity Kz are estimated by calculating overturning scales. These scales are obtained after reordering every time-step the potential density (temperature) profile ρ(z), which may contain inversions, into a stable monotonic profile ρ(zs)
without inversions (Thorpe, 1977) . After comparing raw and reordered profiles, displacements d = min(|z-zs|)sgn(z-zs) are calculated necessary for generating the stable profile. Then,
where N denotes the buoyancy frequency computed from the reordered profile and the constant follows from empirically relating the overturning scale with the Ozmidov scale LO = 0.8d (Dillon, 1982) , a mean coefficient value from many realizations. Using Kz = N -2 and a mean mixing efficiency coefficient for conversion of kinetic into potential energy of  = 0.2 for ocean observations (Osborn, 1980; Oakey, 1982; Gregg et al., 2018) , we find,
According to Thorpe (1977) , results from (1) and (2) 
Observations
We focus on morning observations, when heating is up so that the air temperature Ta > Tw the water temperature and near-surface waters are potentially stable for direct convective overturning. (Night-time convection indeed gave fully homogeneous, relatively cool waters due to convective overturning).
On 30 June 2010 near NS-beach, the pole was moored around sunrise, one hour after LW.
Cloud-cover was relatively high (60-100%) the entire day, with some sunshine between days This small-scale turbulence is spectrally characterized as follows (Fig. 3) . Temperature variance is up to 100 times larger near the surface than near the bottom, depending on the frequency band. Near the surface, its peaks follow a σ -5/3 '-5/3' slope with frequency σ for the range N < σ < σSW. This suggests a shear-dominated turbulence inertial subrange (Tennekes and Lumley, 1972) or passive scalar . This -5/3-range is distributed over a larger frequency range than commonly found in the ocean and linked to the SW-band here. The spectra's bases outside the peaks seem to slope with -1, mainly in the range 0.5N < σ < 2Nmax. This points at some, weaker, influence of convective turbulent overturning or active scalar, and, potentially only for 0.5N < σ < N, linear internal waves as
observed in the open ocean (van Haren and Gostiaux, 2009). The latter comparison is dubious
for the present observations, given the irregular motions in Fig. 2 and upcoming details. With reference to the data of the T-sensor at 0.65 mab, the coherence (Fig. 3c) is only significant between directly neighbouring sensors and further away for σ < Nmax (2 neighbouring sensors) and σ < N (4 neighbours). At higher frequencies, no significant coherence is found between directly neighbouring sensors.
Details
An apparent wind-shear sucking up cold-water penetrating the warmer near-surface layer is seen to consist of two (sets of) overturns (Fig. 4) . An example of large-scale overturning in an 'interior' relatively thick near-homogeneous layer is given in Fig. 7 . It lasts about TNmax, while the local minimum buoyancy period TNmin ≈ 1000 s within the particular layer. It is thus not likely associated with intruding partially salinity-compensated waters that can last >TNmin. The association with the thin-layer stratification motions is not directly obvious. These IW-motions vary at very high-frequency close to σSW, but they are highly irregular, more nonlinear. The latter may be due to complex wave-interactions, or, more likely here, to interior turbulence (higher-up) interactions with stratification.
Inland-sea beach
The connection between nonlinear IW and turbulence is also observed in 2011, near a WS-beach (Fig. 8) . In this image, comparable to Fig of convective turbulence for N < σ < 2Nmax (Fig. 9 ) in comparison with NS-data in Fig. 3 . With respect to the T-sensor at 0.5 mab, coherence over more than one neighbouring sensor away is only found for σ < N, and, barely significant, in the SW-band (Fig. 9c) . Haren et al., 2015) . This is due to the small length-scale in the shallow waters near beaches, in association with the strong stratification.
The turbulence dissipation rate level of night-time convection is of the same order of magnitude as modest SW-breaking at a beach (Brainerd and Gregg, 1993) : Both are about 100 times larger than the mean dissipation rates estimated in the present data. However, shortterm peaking of IW-breaking may develop turbulent flux levels up to those of weak-modest SW-breaking and near-surface night-time convection. As a result, under calm atmospheric and, day-time-heated, stratified sea conditions IW-turbulence may be important for vertical exchange in shallow waters, not only near a beach, but also in estuaries, atolls, and near the ocean surface, although in the latter heating from below will not contribute. Figure 2 , but for a 4 min detail of double Kelvin-Helmholtz instability 'KHi' overturning (peak at day 180.3096) and numerous small-scale, weakly turbulent overturns causing a broken and broad interfacial layer. In a., the colour-scale is slightly different than in Fig. 2a and black contours are drawn every 0.1°C. 
